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INTRODUCTION 

The purpose of t h i s  publicat ion i s  t o  provide a local ized source of 
descr ip t ions  f o r  t h e  evaluat ions contained i n  the  ENDFIB Library. 

The summary documentation presented i n  t h i s  volume i s  intended t o  be a 
more de ta i l ed  descr ip t ion  than t h e  ( F i l e  1) comments contained i n  t h e  computer 
readable da ta  f i l e s ,  but not a s  de ta i led  a s  the  formal r epor t s  describing each 
ENDFIB evaluation. . 

The summary documentations were wr i t ten  by t h e  CSEWG (Cross Section Evalu- 
a t i o n  Working Group) evaluators  and compiled by NNDC (National Nuclear Data 
Center). The loose-leaf independent sec t ion  format was se lec ted  f o r  ease of 
updating when more documentation and/or evaluations become avai lab le .  

This ed i t ion  includes documentation f o r  mater ia l s  found on ENDFIB 
Version V t apes  501 t o  516 (General Purpose Fi le )  excluding t ape  504. ENDFIB-v 
a lso  includes tapes  containing p a r t i a l  evaluations f o r  t h e  Special  Purpose 
Actinide (521, 522), Dosimetry (531), Activation (532). Gas Production (533), 
and Fission Product (541-546) f i l e s .  The mater ia l s  found on these  tapes  a r e  
documented elsewhere. 

For add i t iona l  information concerning the  evaluated f i l e s  a s  wel l  a s  t h e  
correspor.ding experimental da t a ,  contact:  

National Nuclear Data Center 
Brookhaven National Laboratory 

Upton, New York 11973 
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SLWflAF3 DOCUMENTATION FOR % 

by 

L. Stewar t ,  R. J. LaBauve, and P. G .  Young 
Los Alamos S c i e n t i f i c  Laboratory 

Los Alamos, New Mexico 

I. SUMMARY 

The 'H e v a l u a t i o n  f o r  ENDFIB-V (MAT 1301) i s  b a s i c a l l y  t h e  same a s  t h e  Ver- 
s i o n  I V  e v a l u a t i o n .  Changes inc lude  t h e  a d d i t i o n  of  c o r r e l a t e d  e r r o r  d a t a  i n  
MF-33 and d i f f e r e n t  i n t e r p o l a t i o n  r u l e s  f o r  MT=l and 2 i n  MF=3. The e v a l u a t i o n  
covers  t h e  energy range lo-' eV t o  20 MeV, and documentation i s  provided i n  
LA-4574 (1971) and U-6518-MS (1976). 

11. STANDAWS DATA 

The ' ~ ( n , n ) ' H  e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n  and angular  d i s t r i b u t i o n  
(MF53, 4; MT=2) a r e  s t a n d a r d s  i n  t h e  energy region 1 keV - 20 MeV. 

The e x t e n s i v e  t h e o r e t i c a l  a n a l y s i s  of f a s t -neu t ron  measurements by Hopkins 
and  rei it' was used t o  genera te  t h e  s c a t t e r i n g  c r o s s  s e c t i o n  and angular  d i s -  
t r i b u t i o n s  of  t h e  neutrons  f o r  the  ENDFIB-V f i l e . '  The code and t h e  Yale phase 
s h i f t s 3  were obta ined from ~ o ~ k i n s '  i n  o r d e r  t o  o b t a i n  t h e  d a t a  on a f ine-energy 
g r i d .  Pointwise  angular  d i s t r i b u t i o n s  were produced t o  improve t h e  p r e c i s i o n  
over  t h a t  ob ta ined  from t h e  publ ished Legendre c o e f f i c i e n t s . *  The phase s h i f t s  
were a l s o  used t o  extend t h e  energy range down below 200 keV a s  r epresen ted  i n  
t h e  o r i g i n a l  paper.  1 

A t  100 eV, t h e  e l a s t i c  c r o s s  s e c t i o n  c a l c u l a t e d  from t h e  phase s h i f t s  i s  
20.449 b a r n s ,  i n  e x c e l l e n t  agreement w i t h  t h e  thermal  va lue  of 20.442 de r ived  by 

5 Davis and Barscha l l .  ,. Therefore ,  f o r  t h e  p r e s e n t  e v a l u a t i o n ,  t h e  free-atom 
s c a t t e r i n g  c ross  s e c t i o n  i s  assumed t o  be  c o n s t a n t  below 100 eV and equal  t o  t h e  
va lue  c a l c u l a t e d  from t h e  Yale phase s h i f t s  a t  100 e V  g iv ing  a thermal c r o s s  
s e c t i o n  of 20.449 b.  

T o t a l  c ross - sec t ion  measurements a r e  compared w i t h  t h e  eva lua t ion  i n  Fig .  1 
f o r  t h e  energy range from 10 eV t o  0.5 MeV. S i m i l a r l y ,  F i g s .  2 and 3 compare 
t h e  e v a l u a t i o n  wi th  measured d a t a  from 0.5 t o  20 MeV. The agreement wi th  t h e  
e a r l i e r  experiments shown i n  Fig.  2 is q u i t e  good over  t h e  e n t i r e  energy range.  
The 1969 d a t a  of Schwartz6 included i n  F i g .  3,  however, l i e  s l i g h t l y  below t h e  
e v a l u a t i o n  over  most o f  t h e  energy range even though agreement w i t h  t h e  1972 
results of clement7 is q u i t e  acceptable .  

* 
For En - 30 MeV, t h e  d i f f e r e n c e  i n  t h e  180' c r o s s  s e c t i o n  i s  - 1% as c a l c u l a t e d  
from t h e  Legendre c o e f f i c i e n t s g  compared t o  t h a t  c a l c u l a t e d  from t h e  phase 
s h i f t s .  
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Unfor tuna te ly ,  few a b s o l u t e  va lues  of t h e  angular dependence of t h e  neutrons  
( o r  r e c o i l  p ro tons )  e x i s t  and even t h e  r e l a t i v e  measurements a r e  o f t e n  r e s t r i c t e d  
t o  less than  h a l f  of  t h e  angu la r  range.  The experiment of Odas at  3.1 MeV i s  
n o t  a t y p i c a l  of  t h e  e a r l i e r  d i s t r i b u t i o n s  which, a s  shown i n  F ig .  4 ,  does n o t  
a g r e e  wi th  t h e  phase-shi f t  p r e d i c t i o n s .  Near 1 4  MeV, t h e  T(d,n) neutron source  
h a s  been employed i n  many experiments t o  d e t e r n i n e  t h e  angular  d i s t r i b u t i o n s .  A 
composite of t h e s e  measurements is  compared with ENDFIB-V i n  Fig.  5A. Note t h a t  
most of t h e  experiments a r e  i n  reasonable  agreement on a r e l a t i v e  s c a l e ,  bu t  10% 
d i s c r e p a n c i e s  f r e q u e n t l y  appear among t h e  d a t a  s e t s .  The measurements of Cam- 
boug average more than 5% lower than t h e  p red ic ted  curve and d i f f e r e n c e s  of 5% 
o r  more a r e  o c c a s i o n a l l y  apparent  among t h e  d a t a  of a s i n g l e  s e t .  F igure  5 B  
shows t h e  measurements of ~ a l o n s k y  l o  a t  17.9 MeV compared wi th  t h e  eva lua t ion .  
Again, t h e  agreement on an a b s o l u t e  b a s i s  i s  q u i t e  poor.  

E l a s t i c  s c a t t e r i n g  angu la r  d i s t r i b u t i o n s  a t  0.1,  5 ,  10 ,  20, and 30 MeV a r e  
provided i n  Ref. 11 a s  Legendre expansion c o e f f i c i e n t s .  Using t h e  Hopkins-Breit 
phase - sh i f t  program and t h e  Yale phase s h i f t s ,  a d d i t i o n a l  and i n t e m e d i a t e  en- 
e rgy  p o i n t s  were c a l c u l a t e d  f o r  t h e  p r e s e n t  evaluat ion. '  A s  shown i n  Figs .  5-16 
of  Ref. 2, t h e  angu la r  d i s t r i b u t i o n s  a r e  n e i t h e r  i s o t r o p i c  below 10 MeV nor  sym- 
m e t r i c  about 90' above 1 0  MeV a s  assumed i n  e a r l i e r  e v a l u a t i o n s .  I n  t h i s  eval -  
u a t i o n ,  t h e  angu la r  d i s t r i b u t i o n  a t  100 keV is assumed t o  be i s o t r o p i c  s i n c e  t h e  
c a l c u l a t e d  180'/O0 r a t i o  i s  very  n e a r l y  u n i t y ,  t h a t  i s ,  1.0011. A t  500 keV, t h i s  
r a t i o  approaches 1.005. There fo re ,  t h e  pointwise  normalized p r o b a b i l i t i e s  a s  a 
f u n c t i o n  of  t h e  center-of-mass s c a t t e r i n g  angle  a r e  provided a t  t h e  fo l lowing 
energ ies :  eV ( i s o t r o p i c ) ,  100 keV ( i s o t r o p i c ) ,  500 keV, and a t  1-MeV in-  
t e r v a l s  from 1 t o  20 MeV. 

C e r t a i n l y  t h e  Hopkins-Breit phase s h i f t s  reproduce reasonably  w e l l  t h e  
measured angu la r  d i s t r i b u t i o n s  nea r  1 4  MeV. I t  i s  impor tan t ,  however, t h a t  
experiments b e  made a t  two o r  t h r e e  e n e r g i e s  which would, h o p e f u l l y ,  f u r t h e r  
c o r r o b o r a t e  t h i s  a n a l y s i s .  Near 14 MeV, t h e  energy-dependent t o t a l  c r o s s  sec- 
t i o n  i s  p r e s e n t l y  assumed t o  be known t o  - 1% and t h e  angu la r  d i s t r i b u t i o n  t o  - 2-3%. A t  lower e n e r g i e s  where t h e  angu la r  d i s t r i b u t i o n s  approach i s o t r o p y ,  
t h e  e r r o r  e s t i m a t e  on the  angu la r  d i s t r i b u t i o n  i s  l e s s  than 1%. 

It should  be  po in ted  ou t  t h a t  e r r o r s  involved i n  us ing hydrogen a s  a s t a n -  
dard  depend upon t h e  exper imenta l  techniques  employed and t h e r e f o r e  may be  s i g -  
n i f i c a n t l y  l a r g e r  than t h e  e r r o r s  p laced  on t h e  s t andard  c r o s s  s e c t i o n .  The 
e l a s t i c  angu la r  d i s t r i b u t i o n  measurements of neu t rons  s c a t t e r e d  by hydrogen, 
which a r e  a v a i l a b l e  today,  seem t o  i n d i c a t e  t h a t  u(O) is  d i f f i c u l t  t o  measure 
w i t h  t h e  p r e c i s i o n  asqr ibed  t o  t h e  r e f e r e n c e  s t andard .  I f  t h i s  i s  t h e  c a s e ,  
then t h e  magnitude of t h e  e r r o r s  i n  t h e  U(O) measurements might be  i n d i c a t i v e  of 
e r r o r  assignments which should be  made on hydrogen f l u x  moni tors .  That i s ,  i t  
i s  d i f f i c u l t  t o  assume t h a t  hydrogen s c a t t e r i n g  can be  implemented a s  a s t a n d a r d  
w i t h  much h igher  p r e c i s i o n  than i t  can be  measured. Even though b e t t e r  agree- 
ment w i t h  many p a s t  measurements can be  reached by renormal iz ing t h e  a b s o l u t e  
s c a l e s ,  such a c t i o n  may n o t  always be warranted.  

A t  t h i s  t ime,  no a t t empt  h a s  been made t o  e s t i m a t e  t h e  e f f e c t  of e r r o r s  on 
t h e  energy s c a l e  i n  ENDFIB. It is  c l e a r ,  however, t h a t  a s m a l l  energy s h i f t  
would produce a l a r g e  change i n  the  c r o s s  s e c t i o n ,  e s p e c i a l l y  a t  low e n e r g i e s .  
For example, a 50-keV s h i f t  in energy n e a r  1 MeV would produce a change i n  t h e  
s t andard  c ross  s e c t i o n  of  approximately 2%. There fo re ,  p r e c i s e  de te rmina t ion  
of t h e  i n c i d e n t  neutron energy and t h e  energy sp read  could  be  v e r y  important  i n  
employing hydrogen a s  a c ross - sec t ion  s t a n d a r d ,  depending upon t h e  exper imenta l  
technique.  
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111. ENDF/B-V FILES 

F i l e  1. General  Information 

MT-451. Desc r ip t ive  da ta .  

F i l e  2. Resonance Parameters 

MT-151. E f f e c t i v e  s c a t t e r i n g  r a d i u s  = 1.27565 x 10- l2  cm. 

Resonance parameters n o t  given.  

F i l e  3. Neutron Cross Sec t ions  

1 .  T o t a l  Cross Sec t ions  

The t o t a l  c ross  s e c t i o n s  a r e  ob ta ined  by adding t h e  e l a s t i c  s c a t -  
t e r i n g  and r a d i a t i v e  c a p t u r e  c r o s s  s e c t i o n s  a t  a l l  e n e r g i e s ,  
1.OE-05 eV t o  20 MeV. 

- 2 .  E l a s t i c  S c a t t e r i n g  

Standard - see d i s c u s s i o n  i n  Sec. 11. 

MT-102. Rad ia t ive  Capture 

These c r o s s  s e c t i o n s  a r e  taken from t h e  p u b l i c a t i o n  of A. Hors ley  
where a value  of 332 mb was adopted f o r  t h e  thermal  value .  See 
Ref. 51. 

MT-251. Average Value of  Cosine of S c a t t e r i n g  Angle I n  Lab System 
from 1.OE-05 Ev t o  20 MeV, (Provided by BNL). 

MT=252. Average Logari thmic Energy Change Per  C o l l i s i o n ,  from 
1.OE-05 e V  t o  20 MeV. (Provided by BNL). 

MT-253. Gamma, from 1.OE-05 eV t o  20 MeV. (Provided by BNL). 

F i l e  4. Neutron Angular D i s t r i b u t i o n s  

MT=2. Neutron e l a s t i c  s c a t t e r i n g  angu la r  d i s t r i b u t i o n s  i n  t h e  c e n t e r  
of mass system, g iven as normalized po in twise  p r o b a b i l i t i e s .  
See Sec. I1 above. 

F i l e  7. Thermal Neutron S c a t t e r i n g  Law Data - .  

MT-4. 0.00001 t o  5 e V  f r e e  gas  sigma = 20.449 barns .  

F i l e  12. Gamma Ray M u l t i p l i c i t i e s  

MT-102. Rad ia t ive  Capture M u l t i p l i c i t i e s .  

M u l t i p l i c i t y  is u n i t y  a t  a l l  neu t ron  e n e r g i e s .  LP-2 i s  now 
implemented; t h e r e f o r e .  a l l  gaurna e n e r g i e s  must be  c a l c u l a t e d .  
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F i l e  14. Gama Ray Angular D i s t r i b u t i o n s  

MT=102. Rad ia t ive  cap tu re  angu la r  d i s t r i b u t i o n  

Assumed i s o t r o p i c  a t  a l l  neutron e n e r g i e s .  

F i l e  33. Correla ted  E r r o r s  

1 Covariance mat r ix  de r ived  from hT=2, 102. 

MT=2. Covariance d a t a  added f o r  t h e  e l a s t i c  s c a t t e r i n g  by D.  G .  
F o s t e r ,  Jr.  (Jan.  77).  

MT=102. Covariance d a t a  f o r  r a d i a t i v e  cap tu re  added by P. G.  Young 
(Nov. 7 ,  1978).  
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Fig .  1. 
T o t a l  c r o s s  s e c t i o n  f o r  hydrogen from 1 x lo-' e V  t o  500 keV. The 
ENDFIB-V e v a l u a t i o n  is  compared t o  t h e  measurements of  Refs. 12-16. 
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Fig. 2 .  
Total cross sect ion for hydrogen from 500 keV to  20 MeV. The ENDFIB-V - 
evaluation i s  compared t o  measurements reported i n  Refs. 8 ,  14-44. 
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Fig. 3. 
Total cross sect ion for hydrogen from 500 keV t o  20 MeV. The ENDFIB-V 
evaluation is  compared t o  measurements reported i n  Refs. 6 and 7 .  



1 - H - 1  
M A T  1 3 0 1  

0 
CV 
0 

!x 
m 
\ E 
u3 * z 0: 
E 
u 
a 'n - . . 
Z 0 -  
a - 
+ - - t  
U - 
% "- 
rT) 

I I I 1 I I I 

- 

I o OOR. 1950 I , :  
1.00 0.75 0.50 0.25 0.00 -0.25 -0.50 -0.75 -1 .OD 

n= u COS THETR. CM 
Fig. 4 .  

Angular distribution of the neutrons e l a s t i c a l l y  scattered 
from hydrogen at  3.1 MeV. ENDFIB-v i s  compared with the 
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Fig.  5A. 
Angular distribution of the neutrons e l a s t i c a l l y  scattered from 
hydrogen a t  energies near 14 MeV. The experimental data shown 
were reported i n  Refs. 9 ,  34, 36 and 45-50. 
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Fig. 5 B .  
Angular distribution of the neutrons e l a s t i c a l l y  scattered from 
hydrogen at  energies near 17.8 MeV. The experimental data shown 

were reported in  Ref. 10 .  
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L. Stewart and A.  Horsley 
t 

Los Alamos Sc ien t i f i c  Laboratory 
Los Alamos, New Hexico 

I. SUMMARY 

The ENDFIB-V evaluation (MAT=1302) i s  en t i r e ly  d i f f e r e n t  from the Version 
I V  da ta  s e t  and i s  based upon a revision of an e a r l i e r  evaluation given i n  
LA-3271 (1968). The main change made t o  the e a r l i e r  evaluation was t o  modify 
the t o t a l  and e l a s t i c  cross sec t ions  below 500 keV i n  order  to more closely re- 
f l e c t  experimental data  from RPI.' In  addit ion,  F i l e s  8 and 9 have been included 
t o  provide t r i t i u m  production information. The evaluation covers the energy 
range lo-' e V  t o  20 MeV. 

11. ENDFIB-V FILES 

F i l e  1. GENERAL INFORllATION - 
MT-451. Descriptive data .  

F i l e  2 .  Resonance Parameters - 
MT-151. Effect ive sca t t e r ing  radius = 0.51977 x lo-' ' cm. Resonance 

parameters not  given. 

F i l e  3. Neutron Cross Sections - 
MT=l. Total  Cross Section 

A l l  data  plot ted and compared up t o  1967 i n  LA-3271. Changes in- 
corporated below 1.5 MeV but evaluat ion does not agree with low- 
energy experiments a t  N B S ~  (which a r e  preliminary) but agrees a t  
higher energies.  The Davis da ta3  show a pecul ia r  drop of a few 
per  cent from 3.5 t o  9 MeV but agree above and below these en- 
e rg ies .  

MT=2. E l a s t i c  Cross Sections 

Data obtained from in t eg ra t ing  n-D and p-D angular d i s t r ibu t ions .  
Since the  r ad ia t ive  capture is  i n  microbarns, the  e l a s t i c  i s  

' ~ tomic  Weapons Research Establishment, Aldermaston, U.K. 
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e s s e n t i a l l y  equa l  t o  t h e  t o t a l  c ross  s e c t i o n  below the  n,2q 
th resho ld  and t h e  t o t a l  minus t h e  n ,2n above t h e  th resho ld .  
Checks and balances  were always made. See LA-3271 f o r  t h e  
g r a p h i c a l  comparisons. 

m-16.  (n,2n) Cross Ccction 

Data taken from ~ o l m b e r g '  and from ~ a t r o n . '  See LA-3271. Nothing 
i s  known about t h e  c r o s s  s e c t i o n  above 14 MeV. 

MT-102. Rad ia t ive  Capture Cross Sec t ion  

The thermal c r o s s  s e c t i o n  i s  506 microbarns which was e x t r a p o l a t e d  
as 1 / V  up t o  1 keV. Curve was drawn above t h i s  energy t o  i n c l u d e  
measurements on t h e  i n v e r s e  r e a c t i o n  by ~ ' ; l s c h . ~  The 14 MeV v a l u e  
is  a f a c t o r  of  3 lower than ~ e r i n e o . '  See LA-3271 f o r  g r a p h i c a l  
r e s u l t s .  

F i l e  4. Neutron Angular D i s t r i b u t i o n s  

MT-2. E l a s t i c  Angular D i s t r i b u t i o n s  

Taken from n-D and p-D s c a t t e r i n g .  Agreement i s  good w i t h  van Oers 
ana lys i s . '  See LA-3271. 

MT-16. (n,2n) Angular D i s t r i b u t i o n s  

Ca lcu la ted  by code of young9 assuming phase space argument, t h e r e f o r e  
ignor ing  t h e  obse rva t ions  of  t h e  v i r t u a l  deuteron.  See LA-3271 
f o r  comparisons wi th  n-D and p-D breakup s p e c t r a .  

F i l e  5. Neutron Energy D i s t r i b u t i o n s  - 
MT-16. (n,2n) Energy D i s t r i b u t i o n  

Discussed under MT-4. Energy d i s t r i b u t i o n s  c a l c u l a t e d  assuming 
pure  phase space  model. 

F i l e  8. 9. Decay Data 

MT-102. Decay Infoxmation Added For T r i t i u n  Product ion 

F i l e  12. Gamma Ray M u l t i p l i c i t i e s  

MT-102. (n,y) M u l t i p l i c i t y  

Assumed 8 s i n g l e  gamma emi t t ed  a t  a l l  e n e r g i e s .  Employed t h e  LP=2 
f l a g  t o  conserve energy.  

F i l e  14. Gamma Ray Angular D i s t r i b u t i o n s  

MT-102. (n ,y)  Angular D i s t r i b u t i o n  

Assumed i s o t r o p i c .  
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Los Alamos, New Mexico 

I. SUMMARY 

The ENDFIB-V evaluation for  'H (MAT=1169) i s  iden t i ca l  t o  the Version I V  
evaluation except f o r  the t ransfer  of the  decay data  from F i l e  1 t o  F i l e  8. 
Gamma-ray production data a re  not included because the r ad ia t ive  capture and 
(n ,n l )  cross  sect ions a r e  assumed t o  be negl igibly small a t  a l l  energies.  The 
evaluation covers the energy range lo-' eV t o  20 MeV and is  documented i n  
LA-3270 (1965). 

11. ENDFIB-V FILES 

F i l e  1. General Information - 
NT-451. Descriptive data.  

F i l e  2.  Resonance Parameters - 
MT=l51. Effect ive sca t t e r ing  radius - 0.32164 x 1[)-12 cm. Resonance 

parameters not given. 

F i l e  3. Neutron Cross Sections - 
W1. Total Cross Sections 

Total  cross sec t ions  from 290 keV to  20 MeV from LASL measurements 
(Ref. 1 ) .  Estimated below 290 keV. 

MT=2. E la s t i c  Scat ter ing Cross Section 

Data taken from measurements (Refs. 2 t o  10) up t o  1967 on n-T 
and p - ~ e 3  systems. Also, recent  measurements on n-T by Seagrave 
e t  a l .  (Ref. 11) and on p - ~ e '  by Morales and Cahil l  (Ref. 12) and 
by Hutson e t  a l .  (Ref. 13) have been used t o  update the  e l a s t i c  
angular d i s t r ibu t ions  above 15 MeV. (February 1971) ( t h i s  i s  the 
only change made t o  the evaluat ion from t h a t  described i n  LA-3270). 
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MT-16. (n,2n) Cross Sec t ion  

Only one measurement e x i s t s ,  t h a t  of  Mather and Pa in  (Ref. 14) a t  
1 4 . 1  MeV. Est imates  of t h i s  c r o s s  s e c t i o n  were t h e r e f o r e  made 
from sys temat ics  and t h e  p - ~ e 3  r e a c t i o n  s t u d i e s  of Rosen and 
Leland (Ref. 9) and of Anderson (Ref. 15) .  

MT-17. (n,3n) Cross Sec t ion  

No d a t a  g iven s i n c e  e s t i m a t e s  from i s o s p i n  c o n s i d e r a t i o n s  g i v e  
e s s e n t i a l l y  z e r o  p r o b a b i l i t i e s .  Mather and Pain  (Ref. 14) and 
Cookson (Ref. 16) confirm t h e s e  e s t i m a t e s .  

MT-102. (n,y) Cross Sec t ion  (not  inc luded)  

The measured c r o s s  s e c t i o n  i s  l e s s  than o r  e q u a l  t o  6.7 microbarns 
a t  thermal ( t h e  s i g n  of  t h e  Q-value i s  u n c e r t a i n ) .  Th i s  c r o s s  
s e c t i o n  i s  t h e r e f o r e  assumed zero  a t  a l l  e n e r g i e s .  

MT=251. Average Value of  t h e  S c a t t e r i n g  Angle i n  t h e  Laboratory System 
from 1.OE-05 eV t o  20 MeV 

MT-252. Average Logar i thmet ic  Energy Change P e r  C o l l i s i o n ,  From 
1.OE-05 eV t o  20 M e V  

MT=253. Gama, From 1.OE-05 e V  t o  20 MeV 

F i l e  4. Neutron Angular D i s t r i b u t i o n s  

MT=2. E l a s t i c  Angular D i s t r i b u t i o n s  

These a r e  g iven  i n  t h e  center-of-mass system a s  normalized prob- 
a b i l i t i e s  v e r s u s  c o s i n e  of t h e  s c a t t e r i n g  a n g l e .  

MT-16. (n,2n) Angular D i s t r i b u t i o n s  

These a r e  given i n  t h e  l a b o r a t o r y  sys tem as normal ized p robab i l -  
i t ies  versus  c o s i n e  of t h e  s c a t t e r i n g  ang le .  See LA-3270 f o r  
d e t a i l s  on t h e s e  d i s t r i b u t i o n  f u n c t i o n s .  

F i l e  5. Neutron Energy D i s t r i b u t i o n s  

MT-16. (n,2n) Energy D i s t r i b u t i o n s  

These are given as normalized p r o b a b i l i t i e s  v e r s u s  energy of t h e  
o u t  going neutron i n  t h e  l a b o r a t o r y  system. See LA-3270 f o r  
d e t a i l s  on t h e s e  d i s t r i b u t i o n  f u n c t i o n s .  

F i l e  8. Decay Data 

MT-457. Decay Data Provided by C. Reich (INEL), Based On Char t  Of 
Nucl ides ,  Wapstra 's  Mass T a b l e s ,  and  Nuclear  Data Tab les .  
Placed i n  ENDF F i l e  and  Format b y  BNL a n d  LASL. 
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F i l e s  12 - 15. Gamma Ray Data (not included)  

Only r a d i a t i v e  cap tu re  produces gamma rays .  S ince  t h e  c a p t u r e  
c r o s s  s e c t i o n  is  assumed ze ro  a t  a l l  e n e r g i e s ,  t h e s e  f i l e s  a r e  
purposely l e f t  empty. 
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SLlhNARY DOCLXENTATION FOR 3 ~ e  

L. Stewart 
Los Alamos S c i e n t i f i c  Laboratory 

Los Alamos, New Mexico 

I. SUMMARY 

The %ie evaluation fo r  ENDFIB-V (MAT~1146) was car r ied  over i n t a c t  from 
Version I V .  The evaluated data cover the energy range lo-' eV t o  20 MeV, and 
documentation f o r  the standards portion of the data  i s  given i n  LA-6518-11s 
(1976) . 
11. STANDARDS DATA 

The 3 ~ e ( n , p ) ~  cross sect ion (MF-3; MT=103) i s  recognized as  a  standard i n  
the neutron energy range from thermal t o  1 MeV. The present evaluation was 
performed i n  1968 and accepted by the CSEWG Standards Subcommittee fo r  the 
ENDFIB-111 f i l e 1  i n  1971. No changes have been recommended fo r  t h i s  f i l e ;  
therefore ,  the  present evaluation was car r ied  over from both Versions 111 and 
I V  of ENDFIB. 

The thermal cross sec t ion  of 5327 b was derived from prec ise  measurements 
by Als-Nielsen and ~ i e t r i c h '  of the  t o t a l  c ross  sec t ion  up t o  an energy of 11 
eV. No experimental measurements on the 3 ~ e ( n , p )  reac t ion  are  ava i lab le  below - 5 keV, and the cross sect ion was assumed to  follow l / v  up to  1.7 keV. The 
evaluation is  compared with the avai lable  data  below 10 keV i n  Fig. 1. For con- 
venience, the i n s e t  includes tabular  values of the e l a s t i c ,  (n,p) and t o t a l  cross 
sect ions a t  a  few energies up t o  1 keV. 

Up t o  10 keV, the evaluation i s  a  reasonable representat ion of the 1966 
r e s u l t s  of Gibbons and ~ a c k l i n b d  an average of t h e i r  cross  sec t ions  measured 
i n  1963.' These experiments, which extend t o  100 keV, a re  compared with ENDFIB-V 
i n  Fig. 2. 

From 100 keV t o  1 MeV, addi t ional  experiments a r e  ava i lab le .  The evalua- 
t ion  is  heavily weighted by the data  of Refs. 3  and 4 and the c ross  sec t ions  of 
Perry e t  a1. as  given i n  Fig. 3. Note t h a t  these three measurements a re  i n  
good a reement among themselves but a re  higher than the measurements of Batchelor 
e t  al. '  and of Sayres e t  a ~ . ~  On the o ther  hand, Sayres e t  a l .  measure an 
e l a s t i c  cross sect ion much higher than reported by Seagrave e t  a1.' (noted on 
the same f igure) .  

m 1970, Costello e t  a l S 9  measured t h e  (n,p) c ross  sec t ion  from 300 keV 
to  1 MeV and obtained e s sen t i a l ly  a  constant value of 900 mb over t h i s  energy 
range. Agreement of the  Costello data  with t h i s  evaluat ion above 500 keV i s  
excel lent ,  although from 300 t o  400 keV, t h e i r  measurements a re  more than 10% 
lower than ENDFIB-V. 
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Fina l ly ,  Lopez e t  a l .  l o  measured the  r e l a t ive  r a t i o  of the counting r a t e s  
between 'EIe and BFJ proportional counters from 218 eV to  521 keV. To provide a 
comparison between these two standard cross sect ions,  the Lopez r a t i o s  were 
normalized a t  218 eV t o  the Version I V  r a t io s .  Then, by using the  present eval- 
uation fo r  the  ' ~ e ( n , ~ )  cross sect ion t o  convert the Lopez r a t i o  measurements to  
' O B  cross sec t ions ,  reasonable agreement with Version V l0B(n,cr) i s  obtained. 
It should be noted, however, t ha t  the energ points are  too sparse above a few 
keV t o  reproduce the s t ruc tu re  observed i n  "B. 

Although the thermal (n,p) cross sect ion i s  known t o  b e t t e r  than 1%, t h e  
;nergy a t  which t h i s  cross  sect ion deviates from 1 / V  is  not well  establ ished.  
It should a l s o  be emphasized t h a t  experiments have not been ca r r i ed  out from 
11 e V  t o  a few keV, thereb placing severe r e s t r i c t i o n s  upon the accuracy ac- Y companying the  use of the  He(n.p)T cross-section standard. The 10% e r r o r  e s t i -  
mates on the ORNL experimental data a re  d i r ec t ly  re la ted  t o  the  uncer ta in t ies  i n  
the analysis  of the t a rge t  samples employed. Certainly,  fu r the r  absolute meas- 
urements a r e  needed on t h i s  cross-section standard, espec ia l ly  above - 100 eV. 

111. ENDFIB-V FILES 

F i l e  1. General Information 

MT-451. Descriptive da ta .  

F i l e  2. Resonance Parameters 

MT-151. Scat ter ing length = 0.2821E-12 cm. 

F i l e  3. Neutron Cross Sections 

MT-1. Total  Cross Sections 

From 0.00001 eV t o  10.8 keV MT1 taken as sum MT2 + MT103. From 
10.8 keV t o  2C.O MeV MT1 evaluated using experimental data  from 
Ref. 11. 

MT-2. E l a s t i c  Sca t te r ing  Cross Sections 

From 0.00001 eV t o  10.8 keV MT2 taken as  constant  = 1.0 b. From 
10.8 keV t o  20.0 MeV MT2-MT1-MT103-MT104 with experimental data  
from Refs. 7 and 8 as  checks. Note t h a t  two reac t ions  a re  m i s -  
s ing  from the evaluat ion,  namely, (n ,n lp )  and (n,2n2p). Exper- 
imental da ta  at  15 MeV indica te  non-zero cross  sec t ions  fo r  these 
react ions.  I n  the  present  evaluat ion,  these  reac t ions  a re  simply 
absorbed i n  MT-2. 

Ml'-3. (n,p) Cross Section 

Standards reac t ion  - see Sec. I1 above. 

MT-104. (n,d) Cross Sections 

Threshold = 4.3614 MeV,  Q = -3.2684 MeV. Evaluation from a de ta i led  
balance ca lcula t ion  (Ref. 2) and experimental da ta  (Ref. 7 ) .  



2-He-3 
MAT 1 1 4 6  

MTs251. Average Value of Cosine Of E l a s t i c  S c a t t e r i n g  Angle, Labora- 
t o r y  System. 

Obtained from d a t a  MT-4, MT-2. 

MT-252. Values Of Average Logari thmic Energy Decrement 

Obtained from d a t a  MF=4, MT-2, 

MT-253. Values Of Gamma 

Obtained from d a t a  MF-4. MT-2. 

F i l e  4. Neutron Angular D i s t r i b u t i o n s  

MT=2. Angular D i s t r i b u t i o n  Of Secondary Neutrons From E l a s t i c  Scat-  
t e r i n g .  

Evaluated from exper imenta l  d a t a  from Refs.  7 ,  8 ,  11-14 cover ing 
i n c i d e n t  e n e r g i e s  a s  fo l lows:  

INCIDENT ENERGY REFERENCES 

1.E-5 e V  
0.5 MeV 
1 .0  MeV 
2.0 MeV 
2.6 MeV 
3.5 MeV 
5.0  MeV 
6.0 MeV 
8.0  MeV 

14.5 MeV 
17.5  MeV 
20.0 MeV 

( I s o t r o p i c )  
( I s o t r o p i c )  

8 
8 

11 
8 

11 
8 ,  12 (from p+t e l a s t i c  s c a t t e r i n g )  
7, 12 (from p+t e l a s t i c  s c a t t e r i n g )  

12,  1 3  (from p+t e l a s t i c  s c a t t e r i n g )  
7 

11 (from p+t e l a s t i c  s c a t t e r i n g )  
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Fig. 3 .  
The (n ,p ) ,  e l a s t i c ,  and to ta l  cross sections for 
3~~ from 100 kev to 1 MeV. The Costello data9 
have been omitted for the sake of c lar i ty .  
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G. M. Hale,  R .  A. N i s ley ,  and P .  G.  Young 
Los Alamos S c i e n t i f i c  Laboratory 

Los Alamos, New Mexico 

I. SUMMARY 

The ENDFIB-V e v a l u a t i o n  f o r  'He (MAT 1270) i s  t h e  same a s  Version I V  except  
f o r  minor format changes. The e v a l u a t i o n  covers t h e  energy range lo- '  eV t o  20 
MeV and i s  based a t  a l l  e n e r g i e s  on an ex tens ive  R-matrix a n a l y s i s ,  which is  
desc r ibed  i n  NEANDC (J) 38L ( r e f e r e n c e  Do75). By making use  of t h e  charge sym- 
metry of n u c l e a r  f o r c e s ,  p - 4 ~ e  d a t a  were included i n  t h e  a n a l y s i s  a long w i t h  
t h e  a v a i l a b l e  n-'He measurements of c r o s s  s e c t i o n s ,  angu la r  d i s t r i b u t i o n s ,  and 
p o l a r i z a t i o n s .  Because of t h e  e x t e n t  of t h e  d a t a  base  used and t h e  c a r e f u l  
a n a l y s i s  i t  was g iven ,  t h e  c r o s s  s e c t i o n s  and angu la r  d i s t r i b u t i o n s  a r e  thought 
t o  b e  a c c u r a t e  t o  about + 2% a t  a l l  e n e r g i e s .  A s  a l l  gamma-ray product ion c r o s s  
s e c t i o n s  a r e  e s s e n t i a l l y  ze ro  f o r  ' ~ e ,  gamma ray  f i l e s  (MF=12-16) a r e  d e l i b e r -  
a t e l y  excluded from t h e  eva lua t ion .  

11. ENDFIB-v FILES 

F i l e  1. General  Informat ion 

hT-451. D e s c r i p t i v e  d a t a .  

F i l e  2. Resonance Parameters - 
hT=151. E f f e c t i v e  s c a t t e r i n g  r a d i u s  = 0.24579 x  lo-'' cm. 

Resonance parameters n o t  g iven .  

F i l e  3. Neutron Cross Sec t ions  

The 2200 m / s  c ross  s e c t i o n s  a r e  a s  fo l lows :  

MT=1 Sigma = 0.75916 b  
MT=2 Sigma = 0.75916 b  , 

MT=l. T o t a l  Cross Sec t ion  

See d i s c u s s i o n  under MT-2 beiow. 
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MT=2. E l a s t i c  S c a t t e r i n g  Cross Sec t ion  

Although t h e  only  r e a c t i o n  p o s s i b l e  f o r  neu t rons  i n c i d e n t  on 'He 
below 20 MeV i s  e l a s t i c  s c a t t e r i n g ,  t h e  m a j o r i t y  of t h e  n-'He 
d a t a  i s  r a t h e r  imprecise.  I n  o r d e r  t o  overcome t h i s  problem, an 
R-matrix a n a l y s i s  was performed w i t h  a d a t a  s e t  which included 
n o t  on ly  t h e  n-'He d a t a  bu t  a l s o  very  p r e c i s e  p - ' ~ e  d a t a .  A l l  
t h e  a v a i l a b l e  n - ' ~ e  and p-'He d a t a  below 20 MeV were considered 
i n  t h e  a n a l y s i s ,  S ince  t h e  previous  e v a l u a t i o n  was completed i n  
1968, s e v e r a l  n-'He e l a s t i c  s c a t t e r i n g  measurements have been 
done. The most s i g n i f i c a n t  of these  a r e  t h e  low energy neutron 
c r o s s  s e c t i o n s o f  Rorer (Ro69), t h e  RPI t o t a l  c r o s s  s e c t i o n  meas- 
urement (Go73), which cover t h e  range %= 0.7-30 MeV,  and t h e  
r e l a t i v e  angu la r  d i s t r i b u t i o n s  of Morgan (Mo68). A complete l i s t  
of r e f e r e n c e s  f o r  t h e  n-'He d a t a  used i s  given below. The p - ' ~ e  
d a t a  was s e l e c t e d  t o  s a t i s f y  very  s t r i n g e n t  s t a t i s t i c a l  c r i t e r i a  
and we b e l i e v e  t h e  p o s s i b l e  e r r o r s  of  t h e  p r e d i c t e d  v a l u e s  f o r  t h e  
p - ' ~ e  s c a t t e r i n g  t o  be  l e s s  than 1.0%. A s imple  model f o r  t h e  
charge d i f f e r e n c e s  between t h e  n - ' ~ e  and p - 4 ~ e  systems was as -  
sumed and t h e  n-'He and p - ' ~ e  d a t a  s e t s  were s imul taneously  
analyzed.  The v a l u e s  of t h e  c r o s s  s e c t i o n s  and angu la r  d i s t r i -  
bu t ions  conta ined i n  F i l e s  3 and 4 a r e  probably  a c c u r a t e  t o  with- 
i n  2.0%. 

Comparisons of  t h e  eva lua ted  and exper imenta l  t o t a l  c r o s s  s e c t i o n  
d a t a  a r e  g iven i n  F igs .  1-4, and t h e  e l a s t i c  a n g u l a r  d i s t r i b u t i o n  
d a t a  a r e  included i n  F igs .  5-11. The neu t ron  p o l a r i z a t i o n  meas- 
ernents t h a t  were included i n  t h e  R-matrix a n a l y s i s  a r e  a l s o  shown 
i n  F i g s .  12 and 13.  

F i l e  4. Neutron Angular D i s t r i b u t i o n s  

MT-2. E l a s t i c  S c a t t e r i n g  Angular D i s t r i b u t i o n s .  

Obtained from t h e  R-matrix a n a l y s i s  d e s c r i b e d  above under W = 3 ,  
MT-2. Legendre polynomial r e p r e s e n t a t i o n  used i n  t h e  cm system. 
See Figs .  5-11 f o r  d a t a .  
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Fig. 1. 

Measured and evaluated n - 4 ~ e  t o t a l  cross sect ions between lo-' eV 
and 100 keV. The so l id  curve i s  ENDFIB-V and the dashed curve i s  
ENDFIB-III. 
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Measured and evaluated n- '~e  t o t a l  cross sec t ions  between 0 and 
3 MeV. The so l id  curve i s  ENDFIB-V and the  dashed curve i s  
ENDFIB-111. 
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Fig. 3 .  

Measured and evaluated n - ' ~ e  t o t a l  cross sect ions between 3 
and 9 MeV. The s o l i d  curve is  ENDFIB-V and the dashed curve 
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Fig. 4 .  

Measured and evaluated n - ' ~ e  t o t a l  cross sect ions  between 9 
and 20 MeV. The s o l i d  curve is  ENDFIB-V and the dashed curve 
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Fig .  5 .  

Measured and evaluated n - ' ~ e  d i f f e r e n t i a l  e l a s t i c  angular 
d i s tr ibut ion  f o r  incident  neutron energ ies  between 0.313 
and 0.704 MeV. 
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Fig. 6 .  

Measured and evaluated n-%e d i f f erent ia l  e l a s t i c  angular 
distribution for incident neutron energies between 0.784 
and 1.142 MeV.  
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Fig. 7 .  

Measured and evaluated n-'Iie d i f f e r e n t i a l  e l a s t i c  angular 
distribution for incident neutron energies between 1.207 
and 1.981 MeV. 
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Fig. 8 .  

Measured and evaluated n - ' ~ e  d i f f erent ia l  e l a s t i c  angular 
distribution for incident neutron energies between 2.170 
and 5.505 MeV. 



2-He-4 
M A T  1270  

Fig. 9 .  

Measured and evaluated n - ' ~ e  d i f f erent ia l  e l a s t i c  angular 
distribution for incident neutron energies between 5 . 5 4  
and 8.08 MeV. 



Fig. 10. 

Measured and evaluated n - ' ~ e  d i f f e r e n t i a l  e l a s t i c  angular 
distribution for incident neutron energies between 10.0 
and 16.4 MeV. 
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Fig. 11. 

Measured and evaluated n - ' ~ e  
di f ferent ia l  e l a s t i c  angular 
distribution for incident 
neutron energies between 
17.6 and 20.0 MeV. 
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Fig. 12. 

* ~ e ( n . n ) * ~ e  neutron polarizations for  incident energies 
between 1.008 and 7 . 8  MeV. 
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Fig. 13. 

'~e(n,n)'~e neutron polarizations for incident energies 
between 10.0 and 17.7 MeV. 
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I. SUMMARY 

The previous evaluation fo r  'Li was extensively revised f o r  Version 
V of ENDFIB (MAT 1303). A l l  major cross-section f i l e s  except r ad ia t ive  
capture were updated. A new R-matrix analysis  including recent  experimental 
r e s u l t s  was performed up t o  a neutron energy of 1 MeV, which includes the  
standards region fo r  the  6 ~ i ( n , t ) 4 ~ e  reaction. Extensive rev is ions  were made 
i n  the MeV region t o  include a more prec ise  representat ion of the (n ,n td)  re- 
act ion.  I n  the new representat ion,  the (n ,n ld)  cross  sec t ion  i s  grouped i n t o  
6 ~ i  exci ta t ion  energy b ins ,  which preserves the kinematic energy-angle r e l a -  
t ionships i n  the emitted neutron spectra .  F ina l ly ,  cor re la ted  e r r o r  data  were 
added up t o  a neutron energy of 1 MeV, t r i t o n  angular d i s t r i b u t i o n s  from t h e  
6 ~ i ( n , t ) 4 ~ e  react ion were included below 1 MeV, and radioact ive decay data  were 
added t o  F i l e s  8 and 9. Except for  the covariance and ( n , t )  angular d i s t r ibu -  
t ion  f i l e s ,  the evaluation covers the neutron energy range of lo-' eV to  20 M e V .  

11. STANDARDS DATA 

The 6 ~ i ( n , a )  cross  sec t ion  i s  regarded a s  a standard below %=I00 keV. 
The Version V cross  sec t ions  f o r  6 ~ i  below 1 MeV were obtained from multi- 
channel, mult i level  R-matrix analyses of reac t ions  i n  the  ' ~ i  system, s imi l a r  
to  those from which the Version I V  evaluation were taken. New data have be- 
come avai lable  s ince  Version I V  was released and most of t h i s  new experimental 
information has been incorporated i n t o  the Version V ana lys is .  

For Version I V ,  the '~i(n,cc) cross sec t ion  was determined mainly by f i t -  
t i ng  the Hawel l  t o t a l  cross sect ion (reference 3 below), s ince  t h i s  was pre- 
sumably the most accurately known data included i n  t h e  ana lys is .  However, i n  
addition t o  the H a w e l l  t o t a l ,  the  data base f o r  the  ana lys is  included the  
shapes of the n - 6 ~ i  e l a s t i c  angular d i s t r ibu t ions  and po la r i za t ions ,  6 ~ i ( n , a ) ~  
angular d i s t r ibu t ions  and integrated cross sec t ions  (normalized), and t-a 
e l a s t i c  angular d i s t r ibu t ions .  

Since the time of the Version I V  ana lys is ,  new da ta  have become avai l -  
able  whose precis ion equals o r  b e t t e r s  t h a t  of the  H a w e l l  t o t a l  cross  sec t ion .  
The present analysis  includes the following new measurements while r e t a in ing  
most of the data  from the previous analysis :  
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Measurement 
Approximate 

References Prec i s ion  

n - 6 ~ i  uT Harvey, OWL$ 0.5-1% 

6 ~ i ( n , a )  i n t e g r a t e d  c r o s s  s e c t i o n  Lamaze. NBS" 1-2% ( r e l a t i v e )  

4 ~ e ( t , t ) 4 ~ e  d i f f e r e n t i a l  c r o s s  s e c t i o n  J a m i e ,  LASL 3 5 0.4-1% 
+ 

'He(t,  t )  ' ~ e  ana lyz ing  power Hardekopf , LAsL'~ 1% 

F i t s  t o  t h e  (n ,a)  d a t a  included i n  t h e  Version V a n a l y s i s  a r e  shown i n  
Figs .  1 and 2. I n  Fig .  1, t h e  d a t a  a r e  p l o t t e d  a s  0 . 6 ;  i n  both  f i g u r e s ,  t h e  
Version I V  e v a l u a t i o n  is  represen ted  by t h e  dashed curves .  The ood agreement 

6 w i t h  Lamaze's new L i ( n , a )  i n t e g r a t e d  c r o s s  s e c t i o n  measurement2' i s  p a r t i c u -  
l a r l y  encouraging,  s i n c e  t h e s e  a r e  c l o s e  t o  t h e  va lues  most c o n s i s t e n t  w i t h  
t h e  a c c u r a t e  new t + a measurements. 3 5 ' 3 6  On t h e  o t h e r  hand, a shape d i f f e r -  
ence  p e r s i s t s  between t h e  f i t  and measurements of  t h e  t o t a l  c r o s s  s e c t i o n  i n  
t h e  reg ion  of  t h e  p r e c u r s o r  d i p  and a t  t h e  peak of  t h e  245-keV resonance.  How- 
ever ,  we f e e l  t h a t  i n c l u d i n  t h e s e  p r e c i s e  new d a t a  i n  t h e  a n a l y s i s  has  reduced % t h e  u n c e r t a i n t y  of t h e  new L i ( n , a )  c r o s s  s e c t i o n  s i g n i f i c a n t l y  ( t o  t h e  o r d e r  
of  3%) over  t h a t  of previous  e v a l u a t i o n s  i n  t h e  reg ion  of  t h e  resonance.  

111. ENDF/B-V FILES 

F i l e  1. General  Informat ion 

MT=451. D e s c r i p t i v e  d a t a .  

F i l e  2. Resonance Parameters 

MT=151. E f f e c t i v e  s c a t t e r i n g  r a d i u s  = 0.23778 x 10- l2  cm. 

Resonance parameters n o t  g iven.  

F i l e  3. Neutron Cross Sec t ions  

The 2200 m / s  c r o s s  s e c t i o n s  a r e  a s  fo l lows :  

1 Sigma = 936.64 b 
MT=2 Sigma = 0.71046 b 
MT=102 Sigma = 0.03850 b 
MT=105 Sigma = 935.89 b 

MT-1. T o t a l  Cross Sec t ion  

Below 1 MeV, t h e  v a l u e s  a r e  taken from an R-matrix a n a l y s i s  by 
Hale ,  Dodder, W i t t e  ( d e s ~ r i b e d  i n  Ref.  2) which t a k e s  i n t o  
account  d a t a  from a l l  r e a c t i o n s  p o s s i b l e  i n  ' ~ i  up t o  3 MeV 
neu t ron  energy.  T o t a l  c r o s s  s e c t i o n  d a t a  cons ide red  i n  t h i s  
a n a l y s i s  were t h o s e  of Refs. 3 and 4. Between 1 and 5 MeV, 
t h e  t o t a l  was t aken  t o  be  t h e  sum of  MT=2, 4 ,  24, 102,  103,  
and 105. which g e n e r a l l y  fo l lows  t h e  measurements of Refs .  5 
and 6.  Between 5 and 20 MeV, t h e  t o t a l  was determined by an 
average of t h e  d a t a  of Refs.  6 and 7 which a g r e e s  w i t h  Ref. 8 
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except  a t  t h e  lowest  energy.  I n  t h i s  r eg ion ,  t h e  t o t a l  exceeds  
t h e  sum of t h e  measured p a r t i a l  c r o s s  s e c t i o n s  by a s  much a s  
200-300 mb. Th i s  d i f f e r e n c e  was d i s t r i b u t e d  between t h e  e l a s t i c  
and t o t a l  (n ,n l )d  c r o s s  s e c t i o n s .  

MT=2. E l a s t i c  Cross Sec t ion  

Below 3 MeV, the  v a l u e s  a r e  t aken  from t h e  R-matrix a n a l y s i s  c i t e d  
f o r  MT=l, which inc ludes  t h e  e l a s t i c  measurements of Refs.  9 and 
10. These c a l c u l a t i o n s  were matched smoothly i n  t h e  3-5 MeV 
region t o  a curve which l i e s  about 50 mb above Ba tche lo r  (Ref. 26) 
between 5 and 7.5 MeV, and about 13% above t h e  d a t a  of Refs.  1 4 ,  
27, 28, and 29 a t  10 t o  1 4  MeV.  

MT54. I n e l a s t i c  Cross Sec t ion  

Sum of MT-51 through MT-81. 

MT=24. (n,2n)a Cross Sec t ion  

Passes  through t h e  p o i n t  of  Mather and Pa in  (Ref. 11)  a t  14 MeV,  
t a k i n g  i n t o  account t h e  measurements of  Ref. 12.  

MT=51, 52, 54-56, 58-81. ( n , n ' ) d  Continuum Cross S e c t i o n s  

Represented by continuum-level c o n t r i b u t i o n s  i n  6 ~ i ,  binned i n  
0.5-MeV i n t e r v a l s .  The energy-angle s p e c t r a  a r e  determined by 
a 3-body phase-space c a l c u l a t i o n ,  assuming i s o t r o p i c  center-of-  
mass d i s t r i b u t i o n s .  A t  each energy,  t h e  sum of  t h e  continuum- 
l e v e l  c o n t r i b u t i o n s  i s  normalized t o  an assumed energy-angle 
i n t e g r a t e d  continuum c r o s s  s e c t i o n  which approximates t h e  d i f -  
f e rence  of Hopkids measurement (Ref. 13) and t h e  c o n t r i b u t i o n  
from t h e  f i r s t  and second l e v e l s  i n  6 ~ i .  The s t e e p  rise of t h e  
pseudo-level  c r o s s  s e c t i o n s  from t h e i r  t h r e s h o l d s  and t h e  use  of 
f i x e d  b i n  widths  over f i n i t e  a n g l e s  produces anomalous s t r u c t u r e  
i n  t h e  i n d i v i d u a l  c r o s s  s e c t i o n s  which i s  e s p e c i a l l y  apparen t  
n e a r  t h e  th resho lds .  Some e f f o r t  has  been made t o  smooth o u t  
t h e s e  e f f e c t s ,  b u t  they remain t o  some e x t e n t .  

MT=53. (n,nl)d D i s c r e t e  Level  Cross S e c t i o n s  

Cross s e c t i o n  h a s  p-wave p e n e t r a b i l i t y  energy dependence from 
th resho ld  t o  3.2 MeV. Matched a t  h i g h e r  e n e r g i e s  t o  a cu rve  
which l i e s  15-20% above Hopkins (Ref. 13)  and p a s s e s  through 
t h e  10-MeV p o i n t  of  Cookson (Ref. 1 4 ) .  

MT-57. (n,n2)y Cross Sec t ion  

Rises  r a p i d l y  from t h r e s h o l d ,  peaks a t  5 mb and f a l l s  o f f  g r a d u a l l y  
t o  20 MeV. No d a t a  a v a i l a b l e  excep t  upper l i m i t s .  
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MT=102. (n ,y)  Cross Sec t ions  

Unchanged from Version I V ,  which was based on t h e  thermal measure- 
Tent of Jurney (Ref. 15) and t h e  Pendlebury e v a l u a t i o n  (Ref. 1 6 )  
a t  h i g h e r  e n e r g i e s .  

MT=103. (n,p) Cross Sec t ions  

Threshold t o  9  MeV, based on t h e  d a t a  of  Ref. 17 .  Extended t o  20 
MeV through t h e  14-MeV d a t a  of Refs. 1 8  and 19. 

MT=105. (n ,  t )  Cross Sec t ions  

Below 3  MeV, va lues  a r e  taken from t h e  R-matrix a n a l y s i s  of Ref. 
2 ,  which i n c l u d e s  ( n , t )  measurements from Refs .  20-24. Between 
3  and 5  MeV, t h e  v a l u e s  a r e  based on ~ a r t l e ' s  measurements (Ref.  
24).  A t  h i g h e r  e n e r g i e s ,  t h e  c r o s s  s e c t i o n s  a r e  t aken  from t h e  
e v a l u a t i o n  of Ref. 16 ,  extended t o  20 MeV c o n s i d e r i n g  t h e  d a t a  
of Kern (Ref. 25). 

F i l e  4. Neutron Secondary A n g u l a r . D i s t r i b u t i o n s  

MT=2. E l a s t i c  Angular D i s t r i b u t i o n s  

Legendre c o e f f i c i e n t s  determined a s  fo l lows :  

Below 2  MeV, c o e f f i c i e n t s  up t o  L=2 were t aken  from t h e  R-matrix 
a n a l y s i s  of Ref. 2 ,  which t a k e s  i n t o  account  e l a s t i c  angu la r  
d i s t r i b u t i o n  measurements from Refs.  9  and 1 0  above 2  MeV. The 
c o e f f i c i e n t s  r e p r e s e n t  f i t s  t o  t h e  measurements of Refs.  1 3  and 
26 i n  t h e  3.5-7.5 MeV range,  t h a t  of  Ref. 1 4  a t  1 MeV, and t h o s e  
of  Refs.  27-29 a t  1 4  MeV. E x t r a p o l a t i o n  of  t h e  c o e f f i c i e n t s  t o  
20 MeV was a ided  by o p t i c a l  model c a l c u l a t i o n s .  

MT=24. (n,2n) Angular D i s t r i b u t i o n s  

Laboratory  d i s t r i b u t i o n s  ob ta ined  by i n t e g r a t i n g  over  energy t h e  
4-body phase-space s p e c t r a  t h a t  r e s u l t  from t rans fo rming  i s o t r o p i c  
center-of-mass d i s t r i b u t i o n s  t o  t h e  l a b o r a t o r y  system. 

MT=51 - 81. (n ,n ' )  Angular D i s t r i b u t i o n s  

Obtained by t ransforming d i s t r i b u t i o n s  t h a t  a r e  i s o t r o p i c  i n  t h e  
3-body center-of-mass system t o  e q u i v a l e n t  2-body d i s t r i b u t i o n s  
i n  t h e  l a b o r a t o r y  system. MT=53 and 57 a r e  t r e a t e d  a s  r e a l  l e v e l s  
and assumed t o  be i s o t r o p i c  i n  t h e  two-body r e f e r e n c e  system. 
Data a v a i l a b l e  i n d i c a t e  d e p a r t u r e  from i s o t r o p y  f o r  t h e  f i r s t  
r e a l  l e v e l  (MT-53) and t h i s  a n i s o t r o p y  w i l l  b e  i n c l u d e d  i n  a  
l a t e r  update.  



3 - L i - 6  
M A T  1 3 0 3  

MT=105. ( n , t )  Angular D i s t r i b u t i o n s  

Legendre c o e f f i c i e n t s  obta ined from t h e  R-matrix a n a l y s i s  of Ref.  
2  a r e  supp l i ed  a t  ene rg ies  below 1 MeV. The a n a l y s i s  t a k e s  i n t o  
account ( n , t )  angular  d i s t r i b u t i o n  measurements from Refs.  23 
and 30. 

F i l e  5. Neutron Secondary Energy D i s t r i b u t i o n s  

MT=24. (n,2n) Energy D i s t r i b u t i o n s  

Laboratory d i s t r i b u t i o n s  obta ined by i n t e g r a t i n g  over ang le  t h e  4 -  
body phase-space s p e c t r a  t h a t  r e s u l t  from t ransforming i s o t r o p i c  
center-of-mass d i s t r i b u t i o n s  t o  t h e  l a b o r a t o r y  system. 

F i l e  8. Radioact ive  Nuclide Product ion 

' ~ e  b e t a  decays, w i t h  a  h a l f - l i f e  of 808 ms,back t o  ' ~ i  w i t h  a  
p r o b a b i l i t y  of u n i t y .  

Tr i t ium,  which is t h e  only r a d i o a c t i v e  product  of t h i s  r e a c t i o n ,  
b e t a  decays t o  3 ~ e  w i t h  a  p r o b a b i l i t y  of u n i t y  and w i t h  a  l i f e -  
t ime of 12.33 y e a r s .  

F i l e  9. Radioact ive  Nuclide M u l t i p l i c i t i e s  

MT=103. (n ,p)  M u l t i p l i c i t y  

A m u l t i p l i c i t y  of one i s  given f o r  t h e  p roduc t ion  of  %e. 

MT=105. ( n , t )  M u l t i p l i c i t y  

A m u l t i p l i c i t y  of one i s  given f o r  t h e  product ion of t r i t i u m .  

F i l e  12. Gamma-Ray M u l t i p l i c i t i e s  

MT=57. (n ,n2)  Y M u l t i p l i c i t y  

M u l t i p l i c i t y  of one assumed f o r  t h e  3.562-MeV g a m a  ray.  Energy 
taken from r e f e r e n c e  31. 

MT-102. (n,y) M u l t i p l i c i t y  

Energies  and t r a n s i t i o n  a r r a y s  f o r  r a d i a t i v e  c a p t u r e  t aken  from 
Ref. 15,  a s  r epor ted  i n  Ref. 31. The LP f l a g  was used t o  de- 
s c r i b e  t h e  MT=102 photons. 
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F i l e  14.  Gamma-Ray Angular D i s t r i b u t i o n s  

MT=57. (n,n2) y Angular D i s t r i b u t i o n s .  

The gamma i s  assumed i s o t r o p i c .  

MT=102. (n ,y)  Angular D i s t r i b u t i o n s  

The two high-energy g a m a s  a r e  assumed i s o t r o p i c .  Data on t h e  
477-keV gamma i n d i c a t e  i s o t r o p y .  

F i l e  33. Cross Sec t ion  Covariances 

The r e l a t i v e  covar iances  f o r  MT=l, 2 ,  and 105 below 1 MeV a r e  g iven 
i n  F i l e  33. They a r e  based on c a l c u l a t i o n s  us ing  t h e  covar iances  
of t h e  R-matrix parameters i n  f i r s t - o r d e r  e r r o r  propogat ion.  

MT-1. T o t a l  

R e l a t i v e  covar iances  a r e  en te red  a s  NC-type sub-subsect ions ,  i m -  
p ly ing  t h a t  they a r e  t o  be  c o n s t r u c t e d  from t h o s e  f o r  MT=2 and 
105. They a r e  n o t  in tended f o r  use a t  e n e r g i e s  above 1 .05 MeV. 

MT=2, 105. E l a s t i c  and ( n , t )  

R e l a t i v e  covar iances  among t h e s e  two c r o s s  s e c t i o n s  a r e  e n t e r e d  
e x p l i c i t l y  a s  NI-type sub-subsections i n  t h e  LB=5 ( d i r e c t )  re- 
p r e s e n t a t i o n .  Although va lues  f o r  t h e  0.95-1.05 MeV b i n  a r e  re-  
peated i n  a 1.05-20 MeV b i n ,  t h e  covar iances  a r e  n o t  in tended  
f o r  use  a t  e n e r g i e s  above 1 .05  MeV. 
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F i g .  1 .  
The Version V 6 ~ i ( n , t ) ' ~ e  c r o s s  s e c t i o n  t imes % p l o t t e d  versus En f o r  neutron 
e n e r g i e s  between 10  eV and 50 keV. The dashed curve i s  ENDFIB-IV; the  experimental 
data are from re ferences  20 ,  21 ,  32-34. 


































































































































































































































